The average life expectancy in developed countries has increased over the second half of the 20th century, and geriatric infectious diseases have thus become a health care issue of increasing importance. Infections are a major cause of death in elderly people, and they are a challenge for the practicing physician. One of the most frequent life-threatening infections is community-acquired pneumonia (CAP). The incidence of CAP is on average 4 times higher in elderly than in younger people and increases stepwise with every decade, resulting in yearly incidence rates of 1.82% in patients aged from 65 to 69 years and 5.99% in patients above 90 years [1] . In parallel, the rate of hospitalization for CAP increases with age and is 5.4-fold higher in patients above 85 years as compared to subjects between 65-74 years [1] . Risk factors are not only advanced age, but also age-related alterations of immune reactions and associated comorbidities such as chronic obstructive pulmonary disease, congestive heart failure, diabetes or current smoking. The mortality rate for CAP in elderly subjects goes up to 30% and is thus 3 times as high as in younger persons, and even 57% in elderly patients with health care-acquired pneumonia [2] .
The high CAP-associated mortality rates in elderly subjects have been partly referred to as a seasonal coincidence with influenza virus circulation. This was convincingly shown by Jackson et al. [1] , who found by studying the records of more than 122,000 elderly patients that the seasonal pattern of CAP closely mirrored the percentage of death attributed to pneumonia and influenza. Accordingly, in a cohort of more than 24,000 people, all-cause mortality in unvaccinated members was strongly associated with an index of influenza circulating in the population (mortality ratio: 1.16; 95% CI: 1.04-1.29) as compared to vaccinated controls [3] . In contrast, mortality in vaccinated people was not associated with the overall influenza activity. Thus, the increased risk of excess winter deaths seems to be widely distributed in aged people rather than being due to social status or other environmental disadvantages. Only female sex and a history of respiratory illness were identified to contribute to an increased vulnerability to CAP in this population [4] . Moreover, the risk for CAP in elderly persons is also linked to the mental status of the subjects, as patients with reduced habitual physical activity and depression suffer more frequently from respiratory tract infections as compared to age-matched cohorts [5] .
Prospective studies with residents of long-term care facilities report an incidence of symptomatic urinary infections that varies from 0.1 to 2.4 cases per 1,000 resident-days. The wide variation reflects differences in patient populations among institutions and variability in surveillance definitions. Urinary tract infections are the most common infectious complication in residents of long-term care facilities [6] . Moreover, the frequency of asymptomatic urinary tract infection or asymptomatic bacteriuria among residents of long-term care facilities is remarkably high. Repeated prevalence surveys in different facilities and countries consistently report that 15-30% of men and 25-50% of women have detectable bacteria or fungi in urine cultures. The incidence of new episodes of asymptomatic bacteriuria is 45 cases per 100 patient-years for men, and 10% of the previously nonbacteriuric men acquire bacteriuria within 3 months. Among previously bacteriuric women, the incidence of acquisition of either symptomatic or asymptomatic new infections is 0.87-1.67 cases per patient-year, the yearly incidence of urinary tract infections increases to 50% in women above 80 years of age [7] .
Factors Contributing to an Increased Incidence of Infections in Elderly Patients
Infections in the elderly are not only more frequent and more severe, but they also have distinct features concerning clinical presentation, laboratory results or microbial epidemiology. Reasons for the increased susceptibility of elderly patients to infections include epidemiological factors, the aging of the immune system/immunosenescence, malnutrition as well as a large number of age-associated physiological and anatomical alterations [8] . Moreover, the high mortality rate of infections in aged people is also partly due to late diagnosis and protracted therapeutic intervention, both of which are certainly supported by indolence of the elderly concerning their complaints.
People above 65 years of age are more likely to present with diseases aggravating the susceptibility for infections such as diabetes mellitus, chronic obstructive lung disease, heart insufficiency, renal failure, tumors or chronic infections [9] . While patients with diabetes have an increased susceptibility to infections not only because of poor vascularization and an impaired recognition of tissue damage ('diabetic foot') due to diabetic neuropathy, most importantly, these patients suffer from an impaired immune function as best reflected in delayed phagocytosis and clearance of bacteria and yeast by neutrophil granulocytes [10] . Similar observations were made in patients with chronic renal failure; however, increased urea concentrations may impair immune cell proliferation, while iron overload frequently seen in these patients negatively affects cellular immune effector function [11, 12] . In addition, chronic liver failure results in impaired complement formation and immune cell proliferation with subsequent impaired clearance and containment of invading pathogens. Thus, comorbidities and their accompanying immune disturbances play a major role for the increased incidence and severity of infections in elderly patients.
In addition, the 'physiologic' aging of the immune system, referred to as 'immunosenescence', not only increases the incidence of infections but also of other diseases which further impact on the susceptibility towards infections, such as malignancies and autoimmune diseases [13, 14] . The natural course of these age-related changes has not been fully elucidated so far, but specific screening procedures, such as the SENIEUR protocol, which excluded subjects showing evidence of chronic disease or patients taking medications on a regular basis (90% of subjects, 6 65 years), helped to better characterize these age-related changes of the immune system [15] . They found that monoclonal gammopathies and autoantibodies increased with ageing. Furthermore, there appears to be a reduced proliferative response of hematopoietic stem cells with age, which may be associated with an impaired functional activity of immune cells [16] . Specifically, the relative distribution of T-cells is significantly altered, which has in part been linked to thymic involution. In addition, chronic viral infections may further alter the T-cell balance with an expansion of CD4+ cells [17] . Accordingly, in elderly patients, a low-grade proinflammatory state is frequently found even in the absence of a known chronic disease. This may relate to the occurrence of atherosclerosis [18, 19] or to the reactivation of chronic viral infections on the basis of an impaired immunological control as observed for cytomegalovirus infection [17] . Nonetheless, this chronic proinflammatory state, as reflected in increased circulating concentrations of IL-6, TNF-␣ or C-reactive protein, is supposed to cause a certain degree of immune-paralysis due to downregulation of proinflammatory effector pathways [20, 21] . Accordingly, the balance between pro-and anti-inflammatory cytokines in the circulation is suggested to be a major determinant which indicates frailty and mortality in older individuals [14, 22] . Recently, the term 'inflammaging' has been coined. This relates to a condition of a chronic inflammatory state found in elderly subjects, which may result from repetitive exposure to antigens including chronic persisting viruses, such as cytomegalovirus. Chronic immune activation results in the stimulation of counterbalancing anti-inflammatory pathways and will thus lead to a certain degree of immune paralysis exemplified by a delayed acute phase response after pathogen challenge [23] .
In addition, the ageing immune system is characterized by decreased B-cell numbers, reduced production of antibodies in response to antigen exposures and by the formation of antibodies with low antigen-binding affinity and specificity. This is also a reason why elderly patients respond to vaccination less favorably, thus achieving lower levels of protection than younger subjects [14, 24] . In addition, the immune function is also affected by age-related changes in circulating concentrations of regulatory hormones such as corticosteroids and thyroid hormones. As an example, decreased serum levels of thyroid hormone in elderly patients were linked to low natural killer cell activity and thus to an impaired control of invading microorganisms [25] .
More importantly, increased susceptibility to infections in elderly is also based on age-associated physiological and anatomical alterations and higher frequency of comorbidities and underlying disorders with associated impaired immune responses and an associated increased risk of infections ( table 1 ) . Reduction of the ciliary motility in the trachea, for example, reduces the clearance of infectious particles and contributes to an increased risk of infections, especially in smokers or exsmokers [8] . Moreover, regurgitation and an impaired swallowing reflex on the basis of neurodegenerative disorders or stroke lead to a dramatic increase in the risk of aspiration pneumonia. More importantly, many elderly patients are malnourished and dehydrated, 2 major risk factors of in fections. A recent study categorized 10-20% of nursery home inhabitants in industrialized countries and up to 50% of hospitalized persons as being malnourished [26, 27] . Thus, it is important to correctly assess the nutritional status of nursing home residents and patients, because there is a direct link between weight loss, general illness and death in this population. Measurement of the body composition parameters fat mass, fat-free mass and total body water allows to estimate the nutritional status. As will be described below, this is also of major importance for the pharmacokinetics of anti-infective drugs in elderly patients. Unlike stable chronic diseases in older residents living in nursing homes, acute infections and recurrent hospitalizations resulted in the expansion of the underweight population group (38 vs. 11.2%) [28] . 
Pitfalls in the Diagnosis of Acute Infections in Elderly Patients
The diagnosis of infections in elderly subjects is hampered by the atypical presentation and frequent lack of classical symptoms of infections, such as fever, rush or localized pain. Frequently, unexplained alterations of behavior, sudden confusion, perception disorders, psychomotoric agitation or lethargy, loss of appetite, dehydration, dizziness, falls and incontinence as well as tachypnea, palpitations, tachycardia, sudden heart failure or focal neurological deficits can be the only indicators of even life-threatening infections [29] .
Investigation of the most frequent signs of pneumonia in elderly patients revealed general weakness, falls, perception disorders and gastrointestinal discomfort as common infection-related symptoms. No fever was reported in 20-50% of elderly patients with infections, and 10% of the patients reported no symptoms [30] . Accordingly, fever was absent ('the older the colder') in about one third of patients older than 65 years with acute, lifethreatening infections [31] , and the lack of fever was associated with a poor prognosis. The reasons for this are multiple. Daily variations in body temperature are reduced, and the basic temperature is between 0.6 and 0.8 ° C lower in elderly subjects than in young adults [32] . The underlying mechanisms are: diminished production of cytokines (e.g. IL-1), reduced sensitivity of hypothalamic receptors for cytokines and impaired adaptation of peripheral thermoregulation to changes in temperature. In addition, regularly taken comedications such as nonsteroidal antirheumatics, corticosteroids, ␤ -receptor blockers or antihistaminic drugs as well as ranitidine further suppress the febrile response to inflammation. Thus, the relative change of body temperature from baseline rather than the absolute fever peak is an indicator of infection in elderly patients. Accordingly, elevation of body temperature of more than 1.5 ° C over the baseline temperature can be interpreted as a febrile reaction and as an indicator of infection. However, it has also to be kept in mind that the method of fever measurement is important. Darowski et al. [33] found that rectal and proximal auditory temperature measurement can each detect fever in approximately 86% of febrile patients, sublingual measurement in 66% and axillary measurement only in 32% of febrile patients. Rectal temperature is clinically the most useful temperature measurement in elderly patients. In patients living in a warm environment (e.g. overheated rooms), fever often remains undetected by sublingual temperature measurement [33, 34] . The use of a threshold of 37.5 ° C for ear measurement has comparable sensitivity and specificity for predicting fever as compared to rectal measurement [35] . More importantly, the development of a febrile reaction is also linked to the nutritional status of patients. Malnutrition leads to an impaired febrile reaction and is associated with increased infectionrelated mortality [26] . In addition, malnutrition in hospitalized patients is directly related to an increased risk for acquiring nosocomial infections [27] .
As with the febrile reaction, 'classical' laboratory indicators of infection, such as C-reactive protein concentrations or leukocyte counts, have reduced sensitivity and specificity to indicate an infection in elderly patients [36] , which has also been referred to as 'immunosenescence' and impaired immune response in elderly subjects.
This atypical clinical presentation of infections together with the lack of fever results in delayed diagnosis and thus in delayed onset of treatment in elderly patients. This is likewise a central factor contributing to increased mortality in elderly patients, as it is well known that mortality from severe infections is directly associated with the timing of initial therapy leading from 8-to 22-fold higher mortality rates of severe infections when empirical therapy is delayed by 8-24 h [37] .
Specific Considerations for Antibiotic Therapy in Elderly Patients
The initial treatment of an infection is almost always empirically based. One has to be well aware of the most frequent pathogens underlying a specific infection, their antimicrobial susceptibility and the local pattern of antimicrobial resistances. While elderly patients who live at home and have not been admitted to hospital over the past year have a spectrum of pathogens for specific infections (e.g. pneumonia) which is comparable to young adults, this pattern can be completely different in nursing home residents or patients who have recently been admitted to hospital. In this latter group, a higher percentage of 'nosocomial' bacteria and resistant pathogens including methicillin-resistant Staphylococcus aureus or resistant Gram-negative rods has to be anticipated [38] .
Although empirical therapy is mandatory, it is essential to obtain specimen for microbiological analyses (e.g. blood culture, urine culture) before antimicrobial therapy can be initiated. This treatment regimen may be adapted according to the results of these cultures if the patient has not responded clinically to the initial therapy. However, the results of microbiological tests have to be inter-preted in context with the clinical presentation of the patient, and thus not every positive culture result is an indicator for treatment. To give an example, asymptomatic bacteriuria does not require antibiotic therapy; moreover, antimicrobial therapy may result in adverse side effects [6, 7] .
Again, to select the appropriate empirical therapy knowledge of the local epidemiology in terms of likely pathogens and their resistance patterns as well as the physician's clinical experience are absolutely essential [37] . An important decision is whether patients can be safely treated at home or must be admitted to hospital. For patients with pneumonia, the Pneumonia Severity Index (PSI) score [39] or the CRB-65 or CURB-65 (Confusion, Urea, Respiratory rate, Blood pressure, age 65 or older) index [40] have been introduced in clinical practice to help physicians take this clinical decision.
When selecting antimicrobial drugs for elderly patients, it has to be acknowledged that, in general, all drugs can be used for the same indications as in young patients. However, dosages and intervals of drug application have to be adapted in elderly patients with low body weight (or body mass index) and reduced renal function, and contraindications may be more frequent in elderly patients due to comedications or underlying organ dysfunctions [41] . In addition, adverse drug reactions occur 2-3 times more frequently in aged subjects than in patients of younger age [42] . In a Belgian study, the incidence of adverse drug reactions in elderly patients was estimated to be around 20% in hospitalized patients, while in another study, the side effects of comedications were the cause for hospitalization in up to 10% of admissions [43] . The risk for adverse drug reactions and interactions increases with the number of medications taken, and this number is obviously higher in elderly subjects [44] .
Changes in body tissue composition with age result in an altered volume of distribution for drugs. This is of importance for the efficacy of both hydrophilic and hydrophobic antimicrobial substances. With advanced age, the relative percentage of body water decreases, resulting in a reduced volume of distribution for hydrophilic substances and thus in higher circulating concentrations of such drugs. In contrast, the relative increase of adipose tissue with age leads to a higher distribution volume for lipophilic drugs, thus resulting in lower tissue concentrations and a prolonged half-life of those drugs. In addition, reduced circulating concentrations of albumin in elderly patients affect the protein-binding capacity for drugs and thereby the ratio between the bound and free/unbound fraction of antibiotics [45] .
Changes in gastric pH, intestinal motility and intestinal enzymatic activity also affect the bioavailability and absorption of antibiotics ( table 2 ) . Age-related reduction of the liver and renal function then impact on the half-life of these drugs. Specifically, an age-related reduction of the liver function and metabolic activity results in a reduced first-pass effect and altered half-life of drugs which are metabolized within this organ. This is of importance for drugs with primary metabolization in the liver, such as chloramphenicol or clindamycine. Worthy of note, side effects of antibiotics such as cholestatic hepatitis or impaired liver function tests occur more frequently in elderly subjects and are observed in almost all classes of antimicrobial drugs, however, more frequently with clavulanic acid, flucloxacilline, rifampicin, macrolides or azoles [46] . Most antibiotics are eliminated via urinary excretion. The rate of glomerular filtration is physiologically restrained with advanced age. The creatinine level in serum does not correctly reflect the renal function, and thus the glomerular filtration rate has to be calculated with the Cockroft-Gould formula, and dose adaptations in patients with renal insufficiency have to be performed for most antibiotics. The formula that would take into account reduced body weight seems to be the MDRD2 formula which appears to be gold standard for the estimation of renal function, especially in elderly patients.
Moreover, antimicrobial drugs may not penetrate into tissue as easily as in young patients, thus resulting in insufficient drug concentrations at the site of infection. This is not only due to the altered distribution volume of the drug in the body, as discussed above, but is also related to impaired tissue perfusion as a consequence of chronic heart failure and peripheral arterial disease mostly as a result of atherosclerosis. This situation is further worsened in case of severe infection or septic shock. Even in young patients, tissue penetration of antibiotics at septic shock is reduced by 1-2 logs, which may be even worse in elderly subjects [47] . Thus, even when antibiotics are applied at the recommended dosages, it is likely that for certain pathogens in specific compartments only suboptimal therapeutic drug levels are achieved. This may result in failure of therapy, although the correct antibiotic has been chosen, and although the anticipated pathogen is principally susceptible to the drug used. Unfortunately, there is hardly any evidence from prospective studies which would provide the physician with information how to dose antibiotics in septic elderly patients with/without complicating comorbidities.
Special attention has to be dedicated to drug interactions of antimicrobials with comedications regularly taken by patients. Interactions with the cytochrome P-450 system are of clinical relevance. Specifically, inhibition of the enzyme CYP3A4 causes reduced degradation of antibiotics like macrolides, azoles and, in a competitive way, also of quinolones. Vice versa, antibiotics can prolong the half-life of other drugs resulting in life-threatening side effects, some of which are listed in table 3 . Induction of cytochrome enzymes, e.g. by rifampicin, reduces the half-life of comedication resulting in subtherapeutic concentrations of these drugs.
The slogan 'start low, go slow' should not be used in association with antibiotic therapy. Instead, the therapeutic principle for the treatment of infections is 'hit hard and early'. Administration of antimicrobials within 4 h after admission to hospital was associated with decreased mortality and length of stay among a random sample of older inpatients with CAP who had not received any antibiotics before [30, 48] . Kumar et al. [37] showed in patients with septic shock that each hour of delay at the beginning of antimicrobial therapy over the ensuing 6 h after admission was associated with an average decrease in survival of 7.6%. Despite a progressive increase in mortality rate with increasing delays, only 50% of septic shock patients received effective antimicrobial therapy within 6 h of documented hypotension [37] . In addition, to hit hard, sufficiently high dosages of antibiotics should be administered, and several experts recommend a loading dosage of ␤ -lactams for instance or a continuous infusion scheme to achieve sufficiently high tissue concentrations at the site of infection [49] . The use of a correct dose is not only a central determinant for the success of treatment, but also a critical point for avoiding the development of resistance. Suboptimal dosing of antibiotics leads to the emerge of resistant pathogens which cannot be treated with the initial regimen [50] . As discussed above, the choice of the correct dose of antibiotics for elderly patients may be an art, taking into account poor tissue penetration in association with septicemia, altered pharmacokinetics, accompanying diseases and impaired immune response.
Finally, not only the timing but, most importantly, the choice of the appropriate drug which is most likely to cover the expected pathogens is a critical determinant deciding about success or failure of the therapy. Several studies, e.g. in patients with nosocomial pneumonia, have demonstrated that the initial choice of the wrong antibiotic is associated with an approximately twofold increase in the mortality rate [51] . Accordingly, a prospective study in Denmark provided evidence that the probability of choosing the correct initial therapy increases with the physician's skills. Thus, patients with septicemia were more likely to receive the correct therapy and thus had an increased survival rate when the empirical therapy was selected and prescribed by an infectious diseases specialist [52] .
For the selection of an empirical therapy, it may be of importance to review previous microbiological findings in patients, since some pathogens tend to reemerge. Methicillin-resistant S. aureus , for instance, very frequently reemerges even after successful antimicrobial elimination, thus causing another infection [53] . Such subjects can transmit these highly resistant pathogens to other people, which is of importance in hospitals and nursing homes. Thus, not only treatment of the infection, but also adherence to standard hygiene measures are cornerstones to reduce the incidence of nosocomial infections and the transmission of resistant pathogens among elderly patients in health care facilities, a measure which will also reduce all-case mortality in this group of patients [54] .
As infections in elderly patients occur more frequently and are more severe, measures to prevent infections are highly desirable. Vaccination is widely recommended for patients above 65 years, although immunological responses to vaccination decrease with advanced age. However, even when no protective antibodies can be detected after vaccination, e.g. against influenza, these patients have a reduced risk for this infection as well as for complications and death associated with influenza compared to unvaccinated subjects [55] . Moreover, vaccination against influenza results in a reduction of all-case mortality in elderly patients [3] . Accordingly, similar positive effects have also been attributed to pneumococcal vaccination in this group of patients [56] . Improved vaccination strategies, new adjuvants and new vaccines that specifically target the aged immune system will help to overcome the limitations of immunosenescence and ensure better protection of the vulnerable elderly population [57] . In addition, an optimized treatment for chronic underlying diseases, such as diabetes or heart insufficiency, a good nutritional status and improved hygiene standards especially in nursing homes will help to reduce the incidence of severe infections in elderly patients, while improved diagnostic strategies and careful assessment and observation of elderly patients will help us to identify and treat infections as early as possible.
